The merger of two massive (about 30 solar masses) black holes has been detected in gravitational waves 1 . This discovery validates recent predictions 2-4 that massive binary black holes would constitute the first detection. Previous calculations, however, have not sampled the relevant binary-black-hole progenitors-massive, low-metallicity binary stars-with sufficient accuracy nor included sufficiently realistic physics to enable robust predictions to better than several orders of magnitude 5-10 . Here we report high-precision numerical simulations of the formation of binary black holes via the evolution of isolated binary stars, providing a framework within which to interpret the first gravitational-wave source, GW150914, and to predict the properties of subsequent binary-black-hole gravitational-wave events. Our models imply that these events form in an environment in which the metallicity is less than ten per cent of solar metallicity, and involve stars with initial masses of 40-100 solar masses that interact through mass transfer and a common-envelope phase. These progenitor stars probably formed either about 2 billion years or, with a smaller probability, 11 billion years after the Big Bang. Most binary black holes form without supernova explosions, and their spins are nearly unchanged since birth, but do not have to be parallel. The classical field formation of binary black holes we propose, with low natal kicks (the velocity of the black hole at birth) and restricted common-envelope evolution, produces approximately 40 times more binary-black-holes mergers than do dynamical formation channels involving globular clusters 11 ; our predicted detection rate of these mergers is comparable to that from homogeneous evolution channels 12-15 . Our calculations predict detections of about 1,000 black-hole mergers per year with total masses of 20-80 solar masses once second-generation groundbased gravitational-wave observatories reach full sensitivity.
M2 is our 'optimistic' model, in which Hertzsprung-gap stars may initiate and survive common-envelope evolution, leading to many more binaries being formed; and M3 is our 'pessimistic' model, in which black holes receive large natal kicks, which disrupts and thereby reduces the number of BH-BH progenitor binaries.
For each generated double compact object merger, with its intrinsic component masses and the redshift of the merger, we estimate the probability that such a merger would have been detectable in the first observing run (O1) of the Laser Interferometer Gravitational-Wave Observatory (LIGO) advanced detectors. We adopt a selfconsistent model of evolution of stellar populations in the Universe 3, 4 , and we take the representative noise curve for O1 (https://dcc.ligo. org/LIGO-G1501223/public) and assume 16 days of coincident science-quality observational time 1 .
In Fig. 1 we show the formation and evolution of a typical binary system that result in a merger with similar masses and at a similar time to GW150914. Stars that form such mergers are very massive (40M ⊙ -100M ⊙ ; M ⊙ is the mass of the Sun), and at the end of their lives they collapse directly to form black holes 18 . Because there is no associated supernova explosion, there is also no mass ejection. We allow 10% of the collapsing stellar mass to be emitted in neutrinos. If natal kicks are associated with asymmetric mass ejection (as in our standard model), then our prediction is that these massive black holes do not receive natal kicks and that their spin directions are the same as that of their progenitor collapsing stars. The binary evolution removes the hydrogen-rich envelope from both binary components, making both stars compact and luminous Wolf-Rayet stars before they collapse to black holes. The first binary interaction is a dynamically stable Roche-lobe overflow phase, whereas the second interaction consists of a common-envelope phase that produces a compact binary. After the common-envelope phase, the progenitor binary resembles two known high-mass X-ray binaries hosting massive black holes: IC10 X-1 and NGC 300 X-1 (ref. 19) . A massive BH-BH binary (each with a mass of approximately 30M ⊙ ) is formed in approximately 5 Myr of evolution, with a relatively wide orbit (semi-major axis a ≈ 50R ⊙ ; R ⊙ is the radius of the Sun), leading to a long time to coalescence of t merger ≈ 10 Gyr. The accretion onto the first black hole in the common-envelope phase is only modest (approximately 1.5M ⊙ ), whereas accretion from stellar wind of its companion is rather small (less than 0.1M ⊙ ).
To investigate general aspects of the formation history of GW150914, we select a population of GW150914-like BH-BH mergers with a total redshifted mass of M tot,z = 54M ⊙ -73M ⊙ , and then further restrict our sample to binaries that would be detectable in O1. The formation channels typical for these massive BH-BH mergers are summarized in Extended Data Table 1 .
We find that the most likely progenitor of GW150914 consists of a primary star in the mass range 40M ⊙ -100M ⊙ and a secondary in the mass range 40M ⊙ -80M ⊙ . In our standard model, the binary formed Letter reSeArCH in a low-metallicity environment (Z < 0.1Z ⊙ ; Z ⊙ is the metallicity of the Sun; see Extended Data Fig. 1 ) and either in the early Universe (2 Gyr after the Big Bang) or very recently (11 Gyr after the Big Bang).
The distribution of birth times of these massive BH-BH mergers is bimodal ( Fig. 2 and Extended Data Fig. 2) , with a majority of systems originating from the distant past (55% of binaries; about 2 Gyr after the Big Bang, corresponding to z ≈ 3) and a smaller contribution from relatively young binaries (25%; formed about 11 Gyr after the Big Bang, corresponding to z ≈ 0.2). This bimodality arises from two naturally competing effects: on the one hand, most low-metallicity star formation occurs in the early Universe; on the other hand, in contrast to previous work 3, 4 , significantly more low-metallicity star formation is currently expected to occur in the low-redshift Universe 20 . Therefore, as is the case with binary neutron stars, we anticipate a significant contribution to the present-day binary-black-hole merger rate from binary black holes formed in low-redshift, low-metallicity star-forming regions. The delaytime distribution of BH-BH binaries in our simulations follows a 1/t distribution. The birth times therefore naturally pile up at low redshifts (z ≈ 0.1-0.3) and this gives rise to a low-z peak (Extended Data Fig. 2a ). However, the low-metallicity (Z < 0.1Z ⊙ ) star formation responsible for the production of massive BH-BH mergers peaks at a redshift of z ≈ 3 (Extended Data Fig. 2b ). The convolution of these two effects produces the bimodal birth-time distribution (Extended Data Fig. 2c ).
These massive GW150914-like mergers consist of black holes with comparable masses. The vast majority (99.8%) of mergers are found with mass ratios in the range q = 0.7-1.0 (Extended Data Fig. 3) , with the mass ratio of GW150914 ( = . − .
+ .
q 0 82 0 21 0 16 ) falling near the centre of the expected region. The formation of low-mass-ratio objects is suppressed because low-mass-ratio progenitors tend to merge during the first mass-transfer event when the more massive component overfills its Roche lobe 21 . However, with decreasing total merger mass, the mass ratio extends to lower values. In particular, for the lower mass bin of M tot,z = 25M ⊙ -37M ⊙ , mass ratios as low as q = 0.3 are also found. We now use our full sample of double compact object mergers to make predictions for the merger-rate density, detection rates and merger mass distribution. The results are shown in Fig. 3 and Extended Data Table 1 , in which we compare them to the measured values inferred from O1 LIGO observations. We find an overall detection rate that is consistent with the detection of one significant candidate (GW150914) during the principal 16-day double coincident period (when both LIGO gravitational-wave interferometers are operating simultaneously) for our standard model (M1), but that is inconsistent for our other two models (optimistic M2 and pessimistic M3; more detail below).
The BH-BH merger rates inferred from the 16 days of O1 LIGO observations are in the range 2-400 Gpc −3 yr −1 (ref. 22) . For comparison, we estimate the rate density of binary black holes from our population synthesis dataset. We consider the full population of binary black holes within a redshift of z = 0.1 (that is, not weighted by their detection probability) and calculate their average source-frame mergerrate density. We find a value of 218 Gpc −3 yr −1 for our standard model (M1), which is in good agreement with the inferred LIGO rate 22 . By contrast, our optimistic model (M2) predicts too many mergers, with a rate density of 1,303 Gpc −3 yr −1 , and our pessimistic model (M3) 
Figure 1 | Example binary evolution leading to a BH-BH merger similar to GW150914.
A massive binary star (96M ⊙ (blue) + 60M ⊙ (purple)) is formed in the distant past (2 billion years after Big Bang; z ≈ 3.2; top row), and after 5 million years of evolution forms a BH-BH system (37M ⊙ + 31M ⊙ ; second-last row). For the ensuing 10.3 billion years, this BH-BH system is subject to loss of angular momentum, with the orbital separation steadily decreasing, until the black holes coalesce at redshift z = 0.09. This example binary formed in a low-metallicity environment (Z = 0.03Z ⊙ ). MS, main-sequence star; HG, Hertzsprung-gap star; CHeB, core-helium-burning star; BH, black hole; a, orbital semi-major axis; e, eccentricity.
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is at the very bottom end of the allowable range with a predicted rate of 6.6 Gpc −3 yr −1 . In our models, the BH-BH merger-rate density increases with redshift (Extended Data Fig. 4 ). This increase is modest; our predicted source-frame BH-BH merger-rate density would double if the cut-off redshift was increased from z = 0.1 to z = 0.6.
The merger-rate density for the model with an optimistic common-envelope phase (M2) is an order of magnitude larger than the rate estimate from LIGO. This implies that unevolved massive stars (during main sequence and Hertzsprung gap) do not initiate/survive the common-envelope phase 9, 23 . In our classical BH-BH formation scheme, only evolved stars (during core helium burning) with welldeveloped convective envelopes are allowed to initiate and survive the common-envelope phase.
Our predictions for the pessimistic model (M3) imply that large natal kicks (with average magnitudes of more than about 400 km s −1 ) are unlikely for massive black holes. This model predicts that an event such as GW150914 would happen only 1% of the time, with the detection of any BH-BH system happening less than 10% of the time (Table 1 ). In principle, this conclusion applies to the formation of only the first black hole in the binary, because large natal kicks lead to disruption of BH-BH progenitors while the binaries are wide. During the formation of the second black hole, the progenitor binaries are on very close orbits ( Fig. 1 ) and are not disrupted by natal kicks. In Extended Data Fig. 4 we show a sequence of models with intermediate black-hole natal kicks; future observations may allow us to discriminate between these models and to constrain the natal-kick distribution. Future observations converging on M1 would indicate no natal kicks nor supernova explosions in massive black-hole formation 18 . A striking ramification of this is the prediction that hot and luminous Wolf-Rayet progenitors of massive black holes 24 should disappear from the sky as a result of direct collapse to a black hole (that is, with no supernova explosion). Targeted observational campaigns to search for such phenomena are already underway 25 . Figure 3 shows the relative contribution to the overall merger-rate density associated with each bin of total redshifted merger mass M tot,z . For comparison, Fig. 3 also shows the fiducial sensitivity (see Methods) as a function of mass, assuming equal-mass zero-spin binary black holes. Figure 3 demonstrates that the intersection of the strongly mass-dependent sensitivity and the intrinsic detectable mass distribution strongly favours sources with total redshifted masses of 25M ⊙ -73M ⊙ , consistent with recent work 4 and total redshifted mass of GW150914 (M tot,z = 70.5M ⊙ ). In our simulations, the maximum intrinsic mass of a merging BH-BH binary is M tot = 140M ⊙ . When accounting for cosmological redshift Table 1 ). The merger redshift of GW150914 is z = 0.088. The bimodal shape of the distribution originates from a combination of the BH-BH delay-time distribution and the low-metallicity star-formation history (see Extended Data Fig. 2 for details). Letter reSeArCH (M tot,z = (1 + z)M tot ) and taking into account the advanced O1 horizon redshift for this most massive binary (z = 0.7), the highest possible observed mass within O1 would be approximately 240M ⊙ . Spin magnitudes and directions of merging black holes are potentially measurable by LIGO 1 . The second-born black hole in a BH-BH binary does not accrete mass, and its spin at merger is unchanged from its spin at birth. The first-born black hole, on the other hand, has a chance to accrete material from the stellar wind of the unevolved companion or during common-envelope evolution. However, because this is limited either by the very low efficiency of accretion from stellar winds or by inefficient accretion during common-envelope evolution 26, 27 , the total accreted mass onto the first-born black hole is expected to be rather small (about 1M ⊙ -2M ⊙ ). This is insufficient to significantly increase the spin, and thus the spin magnitude of the first-born black hole at merger is within about 10% of its birth spin.
In our modelling, we assume that stars that are born in a binary have their spins aligned with the angular-momentum vector of the binary. If massive black holes do not receive natal kicks (for example, in our standard model M1), then our prediction is that black-hole spins are aligned during the final massive BH-BH merger. We note that our standard model includes natal kicks and mass loss for low-mass black holes (less than about 10M ⊙ ), and therefore BH-BH binaries with one or two low-mass black holes may show misalignment. Alternatively, binaries could be born with misalignment and retain it, misalignment could be caused by the third body or by interaction between the radiative envelope and the convective core 28 , or misalignment could result from a large natal kick on the second-born black hole. Several binaries are reported with misaligned spins 29 . Therefore, spin alignment of massive merging black holes suggests isolated field evolution, while misaligned spins do not elucidate formation processes.
As shown in Fig. 1 , we find that the formation of massive BH-BH mergers is a natural consequence of isolated binary evolution. Our standard model (M1) of BH-BH mergers fully accounts for the observed merger-rate density and merger mass (Fig. 3) , and for the mass ratio of two merging black holes (Extended Data Fig. 3 ) inferred from GW150914.
Our standard formation mechanism (M1) produces significantly more binary black holes than do alternative, dynamical channels associated with globular clusters. A recent study 11 suggests globular clusters could produce a typical merger rate of 5 Gpc −3 yr −1 ; our standard model (M1) BH-BH merger-rate density is about 40 times larger: 218 Gpc −3 yr −1 .
However, one non-classical isolated binary evolution channel involving rapidly rotating stars (homogeneous evolution) in very close binaries may also fully account for the formation of GW150914 (refs 12-15). In particular, typical rates of 1.8 detections in 16 days of O1 observations are found 13 , which is comparable to our prediction of 2.8 ( Table 1) . Only very massive BH-BH mergers with total intrinsic masses of more than about 50M ⊙ are formed in this model 12, 13 , whereas our model predicts mergers with masses in a broader range, down to greater than about 10M ⊙ . Future LIGO observations of BH-BH mergers may allow us to discriminate between these two very different mass distributions/models. Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. 

METhOds
Our Monte Carlo evolutionary modelling is performed with the StarTrack binary population synthesis code 16 . In particular, we incorporate a calibrated treatment of tidal interactions in close binaries 17 , a physical measure of the common envelope (CE) binding energy 30, 31 , and a rapid-explosion supernova model that reproduces the observed mass gap between neutron stars and black holes (BHs) 18, 32 . Our updated mass spectrum of BHs shows a strong dependence on the metallicity of the progenitor stars (Extended Data Fig. 5 ). In galaxies with metallicities similar to the Milky Way (Z = Z ⊙ = 0.02), BHs that formed out of single massive stars (initial mass M ZAMS = 150M ⊙ ) reach a maximum mass of M BH = 15M ⊙ , whereas, for very low metallicity (Z = 0.0001 = 0.005Z ⊙ ), the maximum mass becomes M BH = 94M ⊙ . The above input physics represents our standard model (M1), which is representative of our classical formation scheme for double compact objects (BH-BH, BH-NS and NS-NS).
We have adopted specific values for a number of evolutionary parameters. Single stars are evolved with calibrated formulae based on detailed evolutionary calculations 33 . Massive star winds are adopted from detailed studies of radiation-driven mass loss 34 . For the Luminous Blue Variable phase, a high rate of mass loss is adopted (1.5 × 10 −4 M ⊙ yr −1 ). Binary interactions and, in particular, the stability of Roche-lobe overflow (RLOF) is judged on the basis of binary parameters: mass ratio, evolutionary stage of donor, response to mass loss, and behaviour of the orbital separation in response to mass transfer. The orbital separation is additionally affected by gravitational radiation, magnetic braking, and loss of angular momentum associated with systemic mass loss. During stable RLOF, we assume that half of the mass is accreted onto the companion, while the other half (1 − f a = 0.5) is lost with specific angular momentum (dJ/dt = j loss [J orb /(M don + M acc )](1 − f a )dM RLOF /dt with scaling factor j loss = 1.0 where f a is the fraction of the mass accreted, J orb is the orbital angular momentum, M don is the donor mass, M acc is the accretor mass, and dM RLOF /dt is the mass transfer rate; ref. 35 ). The CE is treated by considering the energy balance with fully effective conversion of orbital energy into envelope ejection (conversion efficiency α = 1.0), whereas the envelope binding energy for massive stars is calibrated by a parameter λ, which depends on star radius, mass and metallicity. For massive stars, λ ≈ 0.1 is adopted 31 . During CE evolution, compact objects accrete at 10% of the Bondi-Hoyle rate as estimated by recent hydrodynamical simulations 26, 27 . Our CE evolution is instantaneous, so the time at the beginning and end of the CE phase is exactly the same (see Fig. 1 ); the time duration of the CE phase has no impact on our results.
We consider two extra variations of the input physics of binary evolution. In one model (M2), we test highly uncertain CE physics 36 and we allow for Hertzsprunggap stars to initiate and survive CE evolution. This is an optimistic assumption, because these stars may not allow for CE evolution 23 , nor survive as a binary if a CE forms 9 . For comparison, in our standard model, we allow only evolved stars with a deep convective envelope (core-helium-burning stars) to survive a CE phase.
In the opposite extreme, we use a model (M3) in which BHs receive large natal kicks. In particular, each BH gets a natal kick with its components drawn from a Maxwellian distribution with a one-dimensional root-mean-square σ = 265 km s −1 , independent of BH mass. Such large natal kicks are measured for Galactic pulsars 37 . This is a pessimistic assumption, because large natal kicks tend to disrupt BH-BH progenitor binaries. This assumption is not yet excluded on the basis of electromagnetic observations 4 . By contrast, in our standard model, BH natal kicks decrease with BH mass. In particular, for massive BHs that form through direct collapse of an entire star to a BH with no supernova explosion ( For each evolutionary model we compute 2 × 10 7 massive binaries for each point on a grid of 32 sub-models covering a wide range of metallicities: Z = 0.0001, 0.0002, 0.0003, 0.0004, 0.0005, 0.0006, 0.0007, 0.0008, 0.0009, 0.001, 0.0015, 0.002, 0.0025, 0.003, 0.0035, 0.004, 0.0045, 0.005, 0.0055, 0.006, 0.0065, 0.007, 0.0075, 0.008, 0.0085, 0.009, 0.0095, 0.01, 0.015, 0.02, 0.025 and 0.03. We assume that stellar evolution at even lower metallicities proceeds in the same way as the evolution at Z = 0.005Z ⊙ . However, stars with very low metal content (for example, Population III) may evolve differently to metal-rich stars 38 .
Each sub-model is computed with initial distributions of orbital periods P (proportional to [log(P)] −0.5 ), eccentricities e (proportional to e −0.42 ) and mass ratios q (proportional to q 0 ) appropriate for massive stars 39 . We adopt an initial mass function that is close to flat for low-mass stars (proportional to M −1.3 for 0.08M ⊙ ≤ M < 0.5M ⊙ and to M −2.2 for 0.5M ⊙ ≤ M < 1.0M ⊙ ) and that is top-heavy for massive stars (proportional to M −2.3 for 1.0M ⊙ ≤ M ≤ 150M ⊙ ), as guided by recent observations 40 . The adopted initial mass function generates higher BH-BH merger-rate densities as compared with the steeper initial mass function (proportional to M −2.7 for 1.0M ⊙ ≤ M ≤ 150M ⊙ ) adopted in previous studies 4, 41 , because there are more BH-BH merger progenitors in our simulations 42 .
A moderate binary fraction (f bi = 0.5) is adopted for stars with masses M ZAMS < 10M ⊙ , whereas we assume that all more massive stars are formed in binaries (f bi = 1.0), as indicated by recent empirical estimates 39, 43 .
We adopt an extinction-corrected cosmic star-formation rate (SFR) based on numerous multi-wavelength observations 44 :
with Ω Λ = 0.7, Ω M = 0.3, Ω k = 0 and H 0 = 70.0 km s −1 Mpc −1 . The shape of the mean-metallicity dependence on redshift follows recent estimates 44 , although the level was increased by 0.5 dex to better fit observational data 46 . At each redshift, we assume a log-normal distribution of metallicity around the mean, with a standard deviation of σ = 0.5 dex (ref. 47) . Our prescription (Extended Data Fig. 6 ) produces more low-metallicity stars than previously 41 . Because BH-BH formation is enhanced at low-metallicity 2 , our new approach increases the predicted rate densities of BH-BH mergers.
Here we discuss caveats of evolutionary calculations. First, we consider only isolated binary evolution, and thus our approach is applicable to field stars in low-density environments. It is possible that dynamical interactions enhance BH-BH merger formation in dense globular clusters 11 , offering a completely independent channel.
Second, our predictions are based on a 'classical' theory of stellar and binary evolution for the modelling of massive stars that we have compiled, developed and calibrated over the last 15 years. We do not consider exotic channels for the formation of BH-BH mergers, such as the one from rapidly rotating stars in contact binaries 48 .
Third, our modelling includes only three evolutionary models: a standard model consisting of our best estimates for reasonable parameters (M1), as well as optimistic (M2) and pessimistic (M3) alternative models. The optimistic model consists of only one change from the standard model: we allow all stars beyond the main sequence to survive the CE phase. Alternatively, the pessimistic model also consists of only one change: larger BH natal kicks. We have not investigated other possible deviations from the standard model (for example, different assumptions of mass and angular-momentum loss during stable mass-transfer evolution) nor have we checked inter-parameter degeneracies (for example, models with large BH kicks and an optimistic CE phase). Precursor versions of these computationally demanding studies have already been performed 49 , albeit with low statistics and limited scope; these calculations indicate that our three models probably cover the range of interesting effects.
Fourth, our observations are severely statistically limited. We are attempting to draw inferences about our models on the basis of a single detection (GW150914).
In was argued 50 that the formation of GW150914 in isolated binary evolution requires a metallicity lower than 0.5Z ⊙ . This argument was based on single stellar models 51 ; stars in close binaries are subject to significant mass loss during RLOF/ CE, and they form BHs with lower mass than BHs formed by single stars. Thus, in binaries, the metallicity threshold for massive BH formation is lower than in single stellar evolution. For example, formation of a single 30M ⊙ BH requires Z < 0.25Z ⊙ (Extended Data Fig. 5 , whereas formation of two such BHs in a binary requires Z < 0.10Z ⊙ (Extended Data Fig. 1 ). The value of this threshold depends on assumptions for the model of stellar evolution, winds and BH formation Extended Data Figure 5 | BH mass as a function of initial star mass, for a range of metallicities. These results show calculations for single star evolution with no binary interactions. Our updated models of BH formation show a general increase of BH mass with initial progenitor star mass. There is strong dependence of BH mass on the chemical composition of the progenitor. For example, the maximum BH mass increases from 10M ⊙ -15M ⊙ for high-metallicity progenitors (Z = 1.5Z ⊙ -1Z ⊙ ) to 94M ⊙ for low-metallicity progenitors (Z = 0.005Z ⊙ ). The formation of a single 30M ⊙ BH requires a metallicity of Z ≤ 0.25Z ⊙ . ZAMS, zero-ago main sequence.
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Extended Data Figure 6 | Mean-metallicity evolution of the Universe with redshift. It is assumed that at each redshift the metallicity distribution is log-normal with a standard deviation of σ = 0.5 dex. The blue line denotes the mean-metallicity evolution adopted in previous studies. The new relation generates more low-metallicity stars at all redshifts. We mark the line above which we can make predictions (log(Z/Z ⊙ ) = −2.3, Z ⊙ = 0.02; ref. 55) based on actual evolutionary stellar models adopted in our calculations. Below this line we assume that stars produce BH-BH mergers in the same way as in the case of our lowest available model. Horizon is given as a function of the total redshifted binary merger mass (assuming equal-mass mergers). For the highest-mass mergers found in our simulations (M tot,z = 240M ⊙ ), the horizon redshift is z hor = 0.7. For GW150914 (M tot,z = 70.5M ⊙ ), the horizon redshift is z hor = 0.36.
